The isoreticular expansion and functionalization of charged-polarized porosity has been systematically explored by the rational design of eleven isostructural zwitterionic metal-organic frameworks (ZW-MOFs). This extended series of general structural composition {[M3F(L1)3(L2)1.5]·guests}n was prepared by employing the solvothermal reaction of Co and Ni tetrafluoroborates with a binary ligand system composed of zwitterionic pyridinium derivatives and traditional functionalized ditopic carboxylate auxiliary ligands (HL1·Cl = 1-(4-carboxyphenyl)-4,4′-bipyridinium chloride, Hcpb·Cl; or 1-(4-carboxyphenyl-3-hydroxyphenyl)-4,4′-bipyridinium chloride, Hchpb·Cl; and H2L2 = benzene-1,4-dicarboxylic acid, H2bdc; 2-aminobenzene-1,4-dicarboxylic acid, H2abdc; 2,5-dihydroxy-1,4-benzenedicarboxylic acid, H2dhbdc; biphenyl-4,4'-dicarboxylic acid, H2bpdc; or stilbene-4,4'-dicarboxylic acid, H2sdc).
Introduction
With a high degree of structural, chemical and functional diversity, porous metal-organic frameworks (MOFs) have attracted considerable attention in recent years because of the potential they present in a myriad of applications such as chemical separation, [1] [2] [3] [4] [5] gas storage, 6, 7 sensing, 8 data storage [9] [10] [11] and catalysis 12, 13 , with a focus on CO2/N2 separation in our laboratory. [14] [15] [16] [17] MOFs are extended crystalline structures composed of metal clusters or ions connected by multitopic organic ligands to build one-, two-, or three-dimensional infinite networks with fascinating structures and properties such as high surface area and high pore volume, defined pore size distribution, and good thermostability. In addition, the high degree of variability in both organic and inorganic components allows for selective tailoring of framework structures, pore environment and functionalities. 18, 19 In contrast to current trends in the design of selective small molecule sorbents, we emphasize small molecule-interactions with incorporated zwitterionic (ZW) moieties of the framework. Zwitterions are classified as molecules bearing both permanent cationic and permanent anionic functionalities which develop an electric field gradient on their molecular surface due to the well separated intramolecular charges. 20 Their incorporation in MOFs can thus create charged organic surfaces (COSs) within the pore environment, leading to polarization effects on guest molecules, which in turn can be utilized to separate small gases based on their polarizability. For example, CO2 has a significant quadrupole moment and polarizability 21 which enables its polarization in an electric field, thus providing the potential to form additional electrostatic interactions within the framework resulting in enhanced adsorption enthalpies. 14 In this context, most of the work has been focused on new materials originating from 1,1'-disubstituted-4,4'-bipyridinium-based ligands (viologens) exhibiting interesting photochromic behavior. [22] [23] [24] [25] [26] [27] [28] [29] [30] Recently, we developed an innovative design strategy to access ZW-MOFs from anionic viologen derivates. In this process, additional counter ions are not required for charge compensation of a charged-balanced neutral ZW-MOF. 31 Also, we performed systematic investigations on their synthesis and derivatisation. 32 The methylene groups linking pyridinium and carboxy-phenyl units, in these derivates, impart structural flexibility into the ligands which results in dynamic and flexible frameworks that are known to exhibit interesting adsorption, luminescent, magnetic and photochromic behaviors as a function of host-guest interactions triggered by diverse physical and chemical stimuli. 29, 30 However, since high framework stability is imperative for many practical applications, the quest for metal-organic materials with rigid frameworks has simultaneously been a subject of intense research. With this in mind, we initially Mono-substituted viologen derivates are not well explored and, to the best of our knowledge, only two studies have been reported with the ZW ligand Hcpb·Cl. 33, 34 While
Bezverkhyy et al. reported a series of MOFs which exhibited interesting eye-detectable thermoand photochromic behavior, such as regular discoloration of crystals from "edge" to "core" upon O2 exposure, 33 Kitagawa et al. showed that the ligand's pyridinium cationic surface participates in the strong adsorption of methanol. 34 Other explored mono-substituted viologen-based ligands are shown in Scheme 1, however no study can be found reporting on the systematic isoreticulation and functionalization of their respective MOFs. 
Experimental General Information
Commercially available reagents were used as received without further purification. Viologenbased ligands Hcpb·Cl and Hchpb·Cl were synthesized using a modified literature procedure 33 (Scheme S1). were dissolved in 25 mL of acetone and refluxed for 13 h at 56 °C. After the mixture was cooled to room temperature, the resulting precipitates were filtered off, washed several times with dichloromethane and dried in vacuum to give 1-(2,4-dinitrophenyl)-4,4′-bipyridinium chloride as a grey powder (3.57 g, yield 74%, Scheme S1 
Synthesis of MOF {[Co3F(cpb)3(dhbdc)1.5]·guests}n (3-Co)
Single crystals of SCXRD quality were prepared in a similar fashion as 1-Co, but using H2dhbdc The APEX3 software suite was used for data collection, cell refinement, and reduction. 35 Absorption corrections were applied using SADABS. 36 Space group assignments were determined by examination of systematic absences, E-statistics, and successive refinement of the structures. Structure solutions were performed with intrinsic phasing using SHELXT-2014, and refined by least-squares refinement against |F| 2 followed by difference Fourier synthesis using SHELXL-2014. [37] [38] [39] If not stated differently, non-hydrogen atoms were refined with anisotropic displacement parameters. Aromatic C-H atoms were positioned with idealized geometry and were refined with fixed isotropic displacement parameters [Ueq(H) = -1. CCDC 1863492-1863501 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk. Selected crystal data and details on structure determinations are listed in Table 1 . Powder samples were dispersed on low-background discs for analyses. Simulation of the PXRD data was performed by using single crystal data and the powder pattern module of the mercury CSD software package.
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Thermogravimetric Analysis (TGA)
TG data was collected with a TGA Q50 from TA instruments. All measurements were performed using platinum crucibles in a dynamic nitrogen atmosphere (50 mL/min) and a heating rate of 3 °C•min -1 . The instrument was corrected for buoyancy and current effects and was calibrated using standard reference materials.
Adsorption Analysis
Supercritical CO2 drying was performed using a TousimisTM Samdri® PVT-30 critical point dryer (Tousimis, Rockville, MD, USA). The as-synthesized samples were activated by soaking in ethanol for 2 days, during which time ethanol was replenished three times. The supercritical CO2
was bled off at a rate of 0.5 mL/min until the chamber reached ambient pressure (typically overnight). The chamber was opened, and the sample was quickly capped and transferred into an
Argon filled glovebox where it was transferred to a pre-weighed sample tube. The evacuated analysis tubes containing the activated samples were then carefully transferred to an electronic balance and weighed to determine the sample mass. The tubes were then transferred to the analysis port of the gas adsorption instrument. The samples were kept under vacuum at room temperature for 2 hours prior to N2 adsorption isotherm collection. N2 isotherms were measured by volumetric gas analyzer using a Micromeritics Tristar II 3020 (Micromeritics, Norcross, GA), CO2 and CH4 isotherms were collected on ASAP2020. For all isotherms, warm and cold free space correction measurements were performed using ultra-high purity He gas (UHP grade 5.0, 99.999% purity). All gases used are UHP grade (99.999% purity). N2 isotherms at 77 K were measured in liquid nitrogen, isotherms at 273, 288 and 298 K were measured using temperature circulating baths. All temperatures and fill levels were monitored periodically throughout the measurement.
Elemental Analysis
Elemental data (C, H, N and F) was obtained from Atlantic Microlab, Inc.
Spectroscopy
FT-IR data were recorded on a Nicolet iS10 from Thermo Scientific. 1 H-NMR data were recorded on Avance DMX-400 from Bruker.
Results and Discussion
Crystal Structures and Synthetic Strategies
The preparation of materials was optimized into a consistent synthesis scheme: Ni or Co Figure 2B ). Each pore is interconnected by four adjacent pores of same type through large apertures ( Figure 2E ) resulting in a nbo-type three-dimensional channel system ( Figure 2H ) which is responsible for the largest portion of the 72% void space within the framework ( Table 2 ). The channel topology has a pseudo-octagonal nature running along the cube faces featuring cationic pyridnium sites pointing towards the inner core. Three L2 ligands of each Ni trimer bridge adjacent trimers into a regular tetrahedral cage of composition (Ni3F)4(L2)6 fitting a sphere of 8.2 Å in diameter, denoted as pore II ( Figure 3C ), whereas pores I and II are not interconnected. The size of this cavity is only determined by the length of L2. Pore III is a trigonal-pyramidal cage of composition (Ni3F)4(L1)3(L2)3 fitting a sphere of 5.6 Å in diameter.
Each pore II connects with four pores III through small apertures to form bcu arrays of isolated triakis tetrahedral cages ( Figure 2G ). Interestingly, changing the length of L2 can anisotropically modulate the size and shape of pore III (Table 2) . Finally, the isolated bcu cavities [(pore II)(pore III)4] connect to the nbo channel through small apertures between pore III and pore I, furnishing a hierarchical channel-cavity biporous system. 
Adsorption Properties
While single crystal analysis confirmed the formation of low density (high porosity) ZW-MOFs, maintaining the porosity upon solvent removal is very crucial for potential applications.
Conventional solvent exchange routes followed by thermal activation under vacuum for MOF activation consistently resulted in framework collapse as indicated by PXRD and BET analysis.
Thus, supercritical CO2 exchange methods were successfully employed as mild alternative routes for framework activation. 48, 49 Subsequently, selected MOFs were characterized for their specific surface areas and pore volumes as elucidated from N2 isotherms collected at 77 K ( Figure 4 and Figures 4A and S32 ). This is in full agreement with the decreasing length of the pillar linkers from sdc 2-to bpdc 2-to bdc 2- . Surprisingly, although 1'-Ni and 1-Co have similar pore sizes as 1-Ni, their N2 uptake under the conditions studied was very low compared to 1-Ni. For 2-Ni and 5-Ni, even the use of supercritical CO2 drying did not lead to decent surface areas, possibly due to framework instability in EtOH ( Figure S32 and Table S1 ).
The incremental pore size distribution (PSD) curves obtained from N2 adsorption isotherms by using the density functional theory (DFT) method for cylindrical pores is shown in Figure 4B . Importantly, two different pore sizes were observed for 1-Ni, 1'-Ni and 4-Ni where the larger pores can be attributed to the interconnected channels (pore I) and the smaller ones to the cage like pores II and III between the nodes. The pore sizes of the frameworks 1-Co and 2-Co, as calculated from N2 sorption studies, are found to be ~13.8 Å, which can be attributed to the incomplete activation of the frameworks resulting from the presence of ZW ligands in the pores as confirmed by NMR measurements ( Figures S5 and S7) .
Additionally, the short-term air stability was also assessed by exposing 1-Ni to air for 3 hours followed by activation at 120 °C under dynamic vacuum, confirming the retention of porosity ( Figure S33 ). The microporous nature and presence of charged pore linings in the studied frameworks prompted us to explore their CO2 and CH4 adsorption properties at non-cryogenic temperatures, and to calculate the corresponding binding affinities. The sorption isotherms of CO2 and CH4 at 273 K for the activated frameworks probed up to a relative pressure (p/p0) of 1.0 at STP are reported in Figure 5A , B. We were pleased to discover that the maximal CO2 uptake was reported /Co 2+ adsorption sites and therefore strong adsorption of CO2. 51 Two successive CO2 isotherms on 2-Co (which presents primary amine moiety) at 298 K were also collected without activation after the first measurement and the reasonable overlap between two measurements confirms the regeneration of the material without applying heat ( Figure S34 ).
Physisorptive type interactions with CO2 were further confirmed by the binding affinity calculations where zero-coverage binding affinities are calculated to be around 24-32 kJ mol -1 .
This is desirable as it translates into less energy input for sorbent regeneration. Logically, binding affinity of CO2 decreases with loading as the higher affinity sites are saturated. The highest CH4 uptake was observed with 4-Ni, among others, due to its high surface area. Unlike CO2, binding affinities for CH4 did not decrease with increased loading suggesting that CH4 shows a similar affinity to all sites within the framework. and the corresponding isosteric heats of (C) CO2 and (D) CH4 adsorption.
Conclusions
The rational design and synthesis of a series of eleven porous zwitterionic MOFs was explored ). In addition, supercritical CO2 activation methods were employed to optimize specific surface areas and adsorption capacities. Given the unique structural attributes of the herein studied isoreticular MOF series, including their thermal stability and adsorption properties, it is expected that this work will contribute to inspire the development of new structural design strategies for the discovery of specifically underexplored zwitterionic MOFs.
